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Introduction
leads to the activation of a high-voltage-activated L-type I (I ) [4] [5] [6] . I is highly sensitive to dihydro-AP duration, and in the excitation-contraction (E-C) (KB) medium [27] containing (mM): L-glutamic acid, 70; coupling [7, 8, 11] . However, several of its properties are KCl, 20; KOH, 80; D-b-OH-butyric acid, 10; KH PO , 10; 2 4 also consistent with an important role in the generation and taurine, 10; BSA, 1 mg / ml; and Hepes-KOH, 10; pH 7.4. modulation of the pacemaker AP [12] . For example, I
Single sino-atrial myocytes were manually dissociated in Ca,L is rapidly activated and inactivated upon depolarization KB solution by employing a flame-forged glass pipette. and is modulated in opposite ways by b-adrenergic and Finally, cell automaticity was recovered by gradually 21 muscarinic receptor stimulations (increase and decrease in increasing the extracellular Ca concentration up to 1.3 current amplitude, respectively) [8, 13] . These basic regulamM [25] . The final storage solution contained (mM): tory mechanisms are involved in the control of sino-atrial NaCl, 100; KCl, 50; CaCl , 1.3; MgCl , 0.7; BSA 1 2 2 cells automaticity and, thus, in the beat-to-beat modulation mg / ml; pH 7.4, and gentamycin (50 mg / ml). Cells were of cardiac activity. Although voltage is its primary effecthen stored at 48C until use. tor, I
is modulated by intracellular messengers, such as Ca, L 21 cAMP, cGMP and Ca , that activate various protein 2.2. Electrophysiological recordings kinases [7, 8] . Direct modulation via a membrane-delimited pathway mediated by G-proteins has also been proposed For electrophysiological recordings, cells were harvested [14] . However, another interesting basic property of I is in 35-mm Petri dishes, and mounted on the stage of an Ca,L its regulation by the frequency of depolarization, a pheinverted microscope (Nikon). The whole-cell patch-clamp nomenon described first in frog atrium, and then in rat, technique [28] was employed to record I in spontaneousCa guinea-pig, dog and human cardiomyocytes [11, [15] [16] [17] [18] [19] [20] [21] [22] [23] . In ly beating cells at room temperature (228C) by a moderate depolarization of the diastolic membrane MgCl , 2; ATP-Na salt, 2; GTP Na salt, 0.1: EGTA-2 potential (in the range of 280 to 240 mV) has also been CsOH, 10; Hepes-CsOH, 10; pCa58, (pH 7.2) with described in rat and human cardiomyocytes [24] . In the CsOH. After seal formation the electrode capacitance was present work, we have addressed the question of whether compensated electronically before patch rupture, and esfacilitation of I is operant in spontaneously beating tablishment of the whole-cell configuration. Seal resisCa,L sino-atrial myocytes. tances were in the range of 1-2 GV. Voltage errors resulting from the uncompensated series resistance were always #3 mV and were not corrected. Cell input re-2. Methods sistances were in the range of 0.2-2 GV. Whole-cell membrane capacitance was calculated by integrating the 2.1. Rabbit sino-atrial cells isolation capacitive currents recorded during 110 mV voltage steps from a HP of 280 mV. The standard extracellular solution
Spontaneously-beating sino-atrial cells were isolated was chosen to block inward Na , and outward K from young albino rabbits weighing 0.8-1 kg as described currents, and contained (mM): tetraetylammonium chlobefore [25, 26] 85-23, revised 1996). Briefly, beating hearts were removed ms) step depolarizations to a test potential which activated under pentobarbital (3 ml / kg) and ketamine (1 ml / kg, maximal current amplitude (usually 210 mV). To measure Sanofi Veterinary) anesthesia. The sino-atrial region was the current-voltage relationship (I-V ), depolarizations excised in a normal Tyrode solution containing (mM):
were applied in 10 mV increments between 270 and 160 NaCl, 140; KCl, 5.4; CaCl , 1.8; MgCl , 1; Hepes-NaOH, mV from HPs set between 2100 and 250 mV at 0.1 Hz. NaOH, 5; pH 6.9. Collagenase type II (224 U / ml, Worthof variable duration (100 ms-5 s) and amplitude (2100 to ington), elastase (1.9 U / ml, Worthington), and bovine 210 mV), prior to the test potential. For each type of serum albumin (BSA) 1 mg / ml were added. The digestion facilitation, we measured I peak amplitude and the time ideally after specific I blockade) the offset is slight and
For numerical simulation of I , kinetics, we adapted a Ca,L model described previously [21] . This model is based on a Noble et al. [31] single cell model of sino-atrial autoobserved no evidence for any change in terms of amplitude maticity were replaced by these equations to calculate and kinetics. Then post-rest stimulations were applied at 21 change in cycle length, and AP duration. Intracellular Ca various rates. Rates lower than 0.2 Hz had no effect. buffering was calculated according to the equations in the Higher rates induced two types of effect: a slight augDemir et al. model [3] .
mentation of the peak current, and a slowing of the decay kinetics (Fig. 2Aa,b) . These effects resulted into facilitation of I with steady-state achieved in four stimulations Ca,L (Fig. 2Ba) . Therefore, the trace corresponding to the fourth stimulation (t ) was taken as the reference in all experi-4 21
Results

Separation of T-and L-type Ca currents
ments. In addition, steady-state facilitation was reached independently from the frequency of depolarisation, and Only spontaneously-beating myocytes were used. The therefore length of diastolic interval, per se (Fig. 2Bb ). membrane capacitance of these cells was 2862 pF (n5 This was highly consistent among cells. There was no 25). Our recording conditions were optimized to isolate further change with additional stimulations, even for
I from Na and K currents. In particular, we used several min after the start of an experiment. When changes
intracellular Cs instead of K and extracellular TEA eventually occurred, they involved only a decrease in peak 1 instead of Na in the presence of 4 mM 4-AP to block current amplitude (with no change in decay kinetics) due to 21 1 influx of TEA through Ca -independent I K channels either a time-dependent accumulation of the channels in to [32] . Accordingly, a depolarizing ramp protocol applied to the inactivated state at the highest frequencies (.3.5 Hz) the cell evoked no inward current in the absence of or, sometimes, an irreversible rundown process. 21 extracellular Ca (Fig. 1A ).
Step depolarizations from a We routinely measured both the current peak, and the HP of 2100 mV led to the activation of two types of I current time integral, to better evaluate the total change in Ca 21 exhibiting differential sensitivity to the membrane voltage. Ca entry. These parameters were measured at the first The first one, which was transient with fast decay kinetics, and at the fourth depolarization after the start of a train. activated at a threshold of around 260 mV and reached
The histogram in Fig. 2Ab illustrates the typical net maximal peak amplitude at 230 mV ( depolarization, we used test pulses activating maximal of the current peak and a slowing of the inactivation peak current (unless otherwise noted in Fig. 2 ). At the start kinetics (e.g. between 280 and 260 mV in Fig. 3A) . At of an experiment, the cells were stimulated for several min conditioning voltages positive to 250 mV, I started to
Ca,L at 0.1 Hz to allow I to stabilize. At this rate, we decrease, due to the steady-state, voltage-dependent in- activation process (Fig. 3C and D) . For conditioning Among 15 cells investigated, 11 showed facilitation. There depolarizations lasting 5 s, facilitation was markedly was no change in current waveform for depolarisations enhanced and its voltage-dependence to reach the maximal between 280 and 250 mV in the four remaining cells. 21 effect was shifted to the left for both peak amplitude and The averaged maximal increase of Ca entry when the 21 Ca entry (with a peak of time integral at 250 mV conditioning potential was depolarized from 280 to 260 instead of 240 mV; Fig. 3D ). The part of the curve mV was 38614% (n515). On average, peak amplitude corresponding to steady-state inactivation (for depolarizavaried by less than 1% (0.9960.06% of control) sugtions .250 mV) was also shifted to the left as expected.
gesting that the main effect occurs on current decay kinetics. In pilot experiments, we determined that no the permeating ion, the decay of I was dramatically When extracellular Ba was used instead of Ca as fitted by two time constants (Fig. 4Aa,b) . The fast rate that the fast decay of I is due to Ca -dependent decrease in the ratio between I , and
inactivation. For each cell, therefore, we measured the 5Ab). Robust depolarization-induced facilitation was obamplitudes (in pAs) of the fast-inactivating component served in the voltage window between 270, and 250 mV I , and the slow-inactivating component I . The (Fig. 5Ba) . In this case, facilitation of I reflected an
current peak, and the relative amplitude of I , and increase of I (Fig. 5Bb) . respective current-voltage relationships (Fig. 4Ba) and slow components, we investigated whether depolarizatakes into account the predicted fraction of Ca channels has the advantage of being independent from the exact experimental macroscopic I , as well as that of I Ca,L Ca,L(fc) 21 and I
, throughout the voltage range tested (data not mechanism of Ca -dependent inactivation, as well as to Ca,L(sc) allow to calculate I behaviour in terms of a voltageshown). The model also predicted the effects of changing Ca,L dependent evolution of the ratio I /I which the rate of depolarization (Fig. 6A) . High frequency-in-
follows an exponential relationship as experimentally duced I facilitation was maximal between 2 and 3 Hz Ca,L observed (see Fig. 4Bb ). This voltage-dependence is also (Fig. 6Aa) , and the ratio between I and I Ca,L(fc) Ca,L(sc) observed for conditioning potentials applied prior to the decreased accordingly (see Fig. 6Ab and Ac) which was test depolarisation in a range of voltages that are presumed consistent with experimental observations (Fig. 2Bb , too weak to activate significant macroscopic I ( Fig. 3 ; 5Aa,b). Moreover, at frequencies higher than 3 Hz, the Ca,L Fig. 5Ba,b) . The voltage-and time-dependent equilibrium model correctly predicted the negative effect on current governing the relative contribution of the two components peak, as expected when channel voltage-dependent reactihas been included (see the Methods section). For simplicivation becomes limiting. Numerical simulations also rety, we have assumed that the rate constants governing the produced the effect of changing the voltage from which the transitions between each of the corresponding closed states step depolarization is evoked (Fig. 6B) . Consistent with are identical (see the Appendix). Since t is independent our experimental observations (Fig. 3) Numerical simulations of voltage-clamp experiments the time-dependent change in the distribution of I Ca,L(fc) reliably reproduced peak current and decay kinetics of the and I (Fig. 6B) . Depolarization-dependent facilita- application of conditioning prepulses as described in (Ba).
tion was maximal when the conditioning potential was rectifier current component (Fig. 7E) , the hyperchanged from 280 to 250 mV, for 2 s, as experimentally polarization-activated I current (Fig. 7G) , and I (data f C a , T verified. not shown). Furthermore, two voltage-independent current components also contributed to the diastolic depolariza-3.6. Model simulation of AP automaticity tion: the time-independent background conductances ( Fig.   1  21   7F ), and the Na -Ca exchanger current. Finally, I Ca,L We thus integrated our equations in the DiFrancescowas also present as an inward current component in the Noble model of sino-atrial automaticity (Fig. 7A) Fig. 7B and C) . This simulation reproduced AP wavesino-atrial automaticity. Fig. 8 shows a comparison be-1 form, and diastolic depolarization (Fig. 7A) . The Natween the DiFrancesco-Noble model, which exhibits only 21 Ca exchanger time-dependent kinetics (Fig. 7D) , and the mono-exponential decay of I , and our variant model.
Ca,L 21
intracellular Ca transients amplitude and kinetics (data Simulation showed that inclusion of the biphasic decay of not shown), were similar to those calculated in Demir et al. plateau (Fig. 8Ba) . Since I and I have differenfrequencies tested ( Fig. 9D and E, respectively). These
tial dependence upon frequency of stimulation, and diassimulations suggested that the Ca -inactivating compotolic membrane potential, it was interesting to test the nent of I contributes significantly to regulation of the Ca,L relative contribution of the two current components to basal rhythm but its role is, however, not determinant in automaticity at different rhythms. frequency from 4 to 2.8 Hz (Fig. 9A) . The ratio I / (Fig. 9F) suggesting that I has a major contribution.
Ca,L(fc) Ca,L(sc) I was increased, because I was diminished Our last attempt was to test how sino-atrial frequency, and
( Fig. 9B and C) . The greater contribution of I at low diastolic depolarization would influence I kinetics, and
APs frequencies was confirmed by comparing the influence thus Ca entry, during pacemaker cycle in physiologically which also provides decaying outward current during the diastolic depolarization. The ionic currents present in the diastolic depolarization are the 1 21 background Na , and Ca conductances (F), together with I (G), the Na-Ca exchange current and I . relevant conditions (Fig. 10A) . A spectrum of steady-state predominant factor. During the diastole, intracellular Ca frequencies ranging from 4.6 to 3.2 Hz was generated by was also increased which resulted in turn in an enhance- 1 21 progressive activation of background I current [34] . ment of the Na -Ca exchange current at 3.2 Hz (data
Slow rates resulted in a prolongation of the diastolic not shown). depolarization, together with a shift of the maximum diastolic potential (Fig. 10Aa) . At 3.2 Hz, the simulation resulted into facilitation of I as observed on current
Discussion
Ca,L waveforms during APs (Fig. 10Ab) , and instantaneous I-V plots (Fig. 10Ac) . biexponential decay best-fitted by two time constants with increase of Ca entry can be substantial. Third, the 21 21 the fast one being Ca -dependent and the slow one Ca amount of facilitation is graded, being function of increasindependent; (ii) both higher frequencies of stimulation ing frequencies, or depolarization of the diastolic potential 21 and depolarized diastolic membrane potential between (range between 270 and 250 mV) from which the Ca supports pacemaker activity whereas the Ca -dependent in three to four stimulations, which is consistent with a fast-inactivating component (I ) is a secondary regbeat-to-beat regulation of cell automaticity. atrial cells present robust frequency-and depolarizationinactivation can be totally inhibited using Ba as the to shape the waveform of I , and are interdependent, it could thus represent a protection mechanism against
Ca,L was difficult to predict their relative influence on the excessive sino-atrial frequency slowing (see for example, pacemaker activity based on an experimental approach. Fig. 10 ). Prolonged sino-atrial pauses are expected to 21 For example, one limitation of AP-clamp experiments is enhance Ca channel activity and, depending from the the need of a pharmacological subtraction of currents in membrane diastolic potential during the pause, favor the order to define their time-course during the AP. Manipularecovery of the pace-maker cycle. Recovery from sinotion of pharmacological agents with potential use-and atrial pauses often depends on reactivation by atria, a 21 voltage-dependent effects (such as Ca channel antagophenomenon which implies a role for cell depolarization nists) is also critical. Here, we used simplified experimen- [49] . Since I is up-regulated even at its threshold for Ca,L tal conditions to allow precise measurements of I activation (Fig. 2C) Ca paradox during recordings) to study facilitation in currents such as, for example, the Ca -dependent K good experimental conditions. However, the disadvantage conductance (I ) [50] and / or I via a yet unidentified (Na -Ca exchange, SR Ca ) to facilitation. potentially important physiological mechanism for norTo overcome some of these problems, the development malizing and regulating cardiac automaticity. This mechaof a DiFrancesco-Noble-based numerical model of sinonism may be involved in the neurohormonal modulation of atrial electrical activity [31] helped us to evaluate the pacemaker rate. possible consequences of I facilitation on automaticity.
Ca,L 21
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